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1. Summary 

The aim of this study was the preparation of suitable high-density polyethylene/ultra-high 

molecular weight polyethylene/disentangled ultra-high molecular weight polyethylene 

(HDPE/UHMWPE/dUHMWPE) composite powders for HDPE/UHMWPE parts by Powder-

Bed-Fusion (PBF). The approach comprised of I) the preparation of HDPE, UHMWPE and 

dUHMWPE composite powders by the polymerization filling technique, II) the scale-up to 

~ 500 g, III) screening the powders in the PBF process, and IV), evaluating the 

sintering/melting in the part production. 

Initially, the synthesis of a catalyst capable of producing disentangled UHMWPE was 

developed. The synthesis of the dUHMWPE was achieved by employing 2,6-bis[1-(2,6-

dipropenylphenylimino)ethyl]pyridine iron(II) dichloride as precatalyst. This new 

Bis(imino)pyridine-iron catalyst (BIP-iron-catalyst) is a favorable alternative to the commonly 

used titanium-based catalysts for preparing dUHMWPE. The advantages lie in the easy 

synthesis of the ligand and the handling of the final catalyst. The formation of dUHMWPE was 

confirmed by differential scanning calorimetry (DSC), rheology and stretching experiments. 

The activities were high, between 1.5 to 7.4 t/(mol*bar*h) on a 40 g scale (Mw of 1-3·106 g/mol), 

albeit with the restriction that the particle morphologies are not suitable for the PBF process. 

A general suitability of dUHMWPE for the PBF process could be established. The catalyst 

template/replication effect of heterogenized catalysts was used to generate polymer particles 

suitable for the PBF process. Tailor-made catalyst templates in the lower micrometer range 

were obtained by spray-drying silica dispersions, yielding spherical silica microparticles. These 

microparticles were used with an adapted strategy of the incipient wetness method for catalyst 

supporting, which was identified as the most useful catalyst activation and application strategy. 

Appropriate choice of polymerization reaction conditions allowed for the generation of silica 

templated HDPE and dUHMWPE particles with monomodal particle size distributions, with a 

median particle size of ~100 µm. Core shell HDPE@UHMWPE (scale up to ≈ 300 g) particles 

with a ~10 µm shell could also be generated by using a catalyst support prepared by silica 

coating of a commercial UHMWPE powder. DSC measurements of the powders showed a 

small sinter window (15-4 °C). Flowability, as measured as the ratio between the major 

consolidation stress and the cohesive strength of a powder (ffc), of the synthesized powders 

was low (ffcs of 1 to 3 in a ring shear tester) but could be increased with the addition of 1 wt% 

nanosized silica and 0.25 wt% carbon black (ffcs up to 6; carbon black was also a laser light 

absorber). All powders could be recoated at the operating temperature of a modified EOS P390 

and tensile test specimens could be printed. SEM imaging revealed the general feasibility of 

layer wise building with these powders. Remaining challenges are control over caking, 

increasing the interlayer adhesion and decreasing porosity. 
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2. Zusammenfassung 

Ziel dieser Arbeit war die Herstellung von neuen HDPE/UHMWPE/dUHMWPE Komposit-

Pulvern für die Herstellung von HDPE/UHMWPE Bauteilen mittels PBF. Der Ansatz zur 

Herstellung dieser Komposite umfasste I) die Synthese von HDPE, UHMWPE und dUHMWPE 

mittels der polymer filling technique, II) die Maßstabsvergrößerung in den ~ 500 g Maßstab, 

III) das Testen der Pulver in dem PBF-Prozess und IV) das Untersuchen des 

Sinterns/Schmelzens der Komposite im PBF-Prozess. 

Die Synthese eines Katalysators, welcher die Herstellung von dUHMWPE ermöglicht wurde 

mit dem Einsatz von 2,6-bis[1-(2,6-dipropenylphenylimino)ethyl]pyridin Eisen(II) Dichlorid 

erreicht. Dieser neu entwickelte Katalysator weist einige Vorteile zu den bisherig verwendeten, 

auf Titan basierenden, Katalysatoren auf: I) Die Rohstoffe sowie die Synthese sind weniger 

kostenintensiv, II) die Synthese des Katalysators umfasst weniger und einfachere 

Prozessschritte und III) der Katalysator ist weniger empfindlich gegenüber Umwelteinflüssen 

und somit einfacher in der Handhabung. Unter Verwendung des neuen Bis(imino) Pyridin-

Eisen(II) Katalysators konnte dUHMWPE mit Aktivitäten zwischen 1.5 bis 7.4 t/(mol*bar*h) im 

~40 g Maßstab (Mw of 1-3·106 g/mol) synthetisiert werden. Die Bildung von dUHMWPE konnte 

durch DSC, Rheologie und Streckversuche bestätigt werden. Die initial hergestellten Partikel 

wiesen, aufgrund ihrer unregelmäßigen Morphologie, noch keine zufriedenstellende 

Verstreichbarkeit im PBF-Prozess auf. Es konnte jedoch eine generelle Eignung für den PBF 

Sinterprozess festgestellt werden. PBF geeignete Pulver aus sphärischen Partikeln konnten, 

durch ausnutzen des Katalysator-Templat/Replikat-Effekts der heterogenen Katalyse, 

synthetisiert werden. Maßgeschneiderte Katalysatorträger, aus sphärischem Silica im 

Mikrometer Bereich, wurden durch die Sprühtrocknung von Silica-Dispersionen erreicht. Mit 

der Identifizierung einer adaptierten Variante der incipient wetness 

Katalysatorimmobilisierungsstrategie als erfolgreichste Strategie, konnten die sphärischen 

Silica-Partikel mit Katalysator beladen und aktiviert werden. Der Einsatz von passenden 

Reaktionsbedingungen während der Polymerisation führte zu sphärischen HDPE und 

dUHMWPE Partikeln mit monomodalen Partikelgrößenverteilungen, mit einer mittleren Größe 

von~100 µm. HDPE@UHMWPE Kern/Schale Partikel mit einer ~10 µm Schale konnten 

ebenfalls bis zu einer Menge von ~300 g pro Batch hergestellt werden, indem mit Silica 

überzogene kommerzielle UHMWPE Partikel als Katalysatortemplate verwendet wurden. 

DSC Messungen an allen Pulvern offenbarten kleine Sinterfenster (4-15 °C). Die Fließfähigkeit 

der synthetisierten Pulver war niedrig (ffcs zwischen 1 und 3), konnte jedoch unter Einsatz von 

1 wt% nano Silica als Abstandshalter und 0.25 wt% Ruß als Laserabsorptionsadditiv erhöht 

werden (bis zu einem ffc von 6). Diese beschichteten Pulver wurden daraufhin im PBF-Prozess 

getestet. Alle hergestellten Pulver ließen sich bei den PBF-Prozesstemperaturen in einer 

modifizierten EOS P390 ausstreichen und es konnten Zugprüfkörper hergestellt werden. SEM 



3 

Analyse zeigte die generelle Durchführbarkeit von einem schichtweisen Aufbau mit diesen 

Pulvern. Verbleibende Herausforderungen sind die Kontrolle über zusammenbackendes 

Pulver abseits der belichteten Bereiche, schlechtes Haften zwischen belichteten Schichten in 

Z-Richtung und verbleibende Porosität im Bauteil. 
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3. Introduction and background 

3.1 Powder bed fusion 

Powder bed fusion (PBF), also known as selective laser sintering (SLS), is a sintering process 

which operates without the hitherto need of high pressures or long reaction times of 

conventional sintering.1 As most additive manufacturing processes, it is based on a layer wise 

growth (Figure 1). 

 

 

Figure 1: Schematic PBF process: a) vertically movable platform b) powder bed c) laser source d) laser 
optics e) powder hopper f) recoater for distribution and leveling2 

 

In this case the building process consists of four steps. The first step is the application of a thin 

(120 µm to 200 µm) layer of material powder on a build platform. This is facilitated by a recoater 

(either a blade or roller) moving across the building platform and pushing a small amount of 

deposited powder in front of it, leaving behind a smooth powder layer. The next step is the 

heating of the powder surface with IR radiation close to the melting temperature of the material 

in question.3 This has the advantage that the needed energy for consolidation supplied by the 

laser is as low as possible and the thermal stress inflicted by the rapid heating and cooling is 

low.4,5 This step is followed by the irradiation with a laser. The irradiation leads to the 
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consolidation of the powder, which cools down and hardens, leaving a consolidated 2D slice 

of the desired computer aided design (CAD) model in the powder surface. The last step is the 

lowering of the build platform by exactly the height of a new layer. The steps are repeated, and 

the layers of the consolidated material are joined together to form the desired built part. After 

the building process is finished and the building chamber has cooled down the built part can 

be extracted from the powder bed. This process has several advantages: No support 

structures are needed as the unconsolidated powder in the powder bed acts as support 

structure. The PBF process facilitates the production of complex, kinematic parts which cannot 

be produced likewise with conventional formative methods. Due to the powder bed receiving 

a new powder layer after each laser irradiation more than one model can be built in the same 

building space, stacking the models. However, the process also has several disadvantages. 

As with all additive manufacturing techniques, the produced parts can suffer from mechanical 

anisotropy, due to the layer wise growth of the built parts.6 Additionally, the built parts often 

have a rough surface finish reminiscent of the powder it was created from. As the laser 

irradiation represents a high thermal gradient, residual stresses can result in warpage, or in 

extreme cases, breakages of the built parts. Due to the powdered nature of the build material 

residual porosity in the finished parts cannot completely be avoided.3 In parts that are 

subjected to mechanical stresses, these porosities can act as break initiators in other cases 

where a high surface area is wanted (scaffolds, membranes) a certain degree of porosity is of 

advantage. 

Because of its attractive mechanical properties and favorable behavior in the LPBF laser 

sintering process, PA12 has been the most commonly used polymer in PBF processes with a 

market share of over 90%.7 PA12 has good mechanical properties, low water uptake and a 

low melting point, compared to other polyamides, which makes it an interesting engineering 

polymer.8 The high state of development of the PA12 based PBF processes yields built parts 

comparable to injection molded specimen in tensile stress and elastic modulus.9 PA12 powder 

has become the gold standard for most PBF based processes. Other polymeric materials 

available for PBF are depicted in Figure 2. 
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Figure 2: Polymeric materials available for PBF2 

 

The main disadvantage of PA12 is its higher price compared to other commodity polymers, 

such as polyolefins (Figure 3). A very interesting polymer in this context is ultra high molecular 

weight polyethyene (UHMWPE). Its origin as a polyolefin classifies it as a commodity polymer 

but its good mechanical properties classify it as an engineering polymer. Regarding the 

prominence of PA12 on the international market, a main driver in research is to make 

economical more viable polyolefin polymers such as UHMWPE available for the PBF process. 

 

 

Figure 3: Market overview and comparison between PBF polymers and conventional polymers10 
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3.1.1 Powder requirements 

The PBF process has several steep requirements for a material to be used as PBF material. 

Not only do the bulk materials decide over the part properties but the powder properties 

influence the properties of the built part (e.g. accuracy, internal stress, distortion). Different 

powders of the same bulk material with different flowability, morphology, melting or sintering 

behaviors will drastically influence the outcome of the PBF process. The intrinsic and non-

intrinsic powder properties affecting PBF performance are displayed in Figure 4. The most 

important factors influencing the PBF process can be elucidated by analyzing the steps of the 

PBF process.2 

 

 

Figure 4: Material properties needed for successful transfer of a polymer to a PBF (SLS) capable 
polymer3 

 

3.1.1.1 Thermal properties and sinter window 

To successfully manufacture parts out of a powder with PBF, the powder must have a certain 

set of thermal properties to ensure homogenous solidification of the powder. The solidification 

process is a complex process depending largely on the materials used.11 In the case of 

polymeric materials the sintering is based on the liquid sintering process where the material is 

partially or completely molten.12 The behavior of the molten material is then mainly governed 

by the capillary forces and its viscosity. When a low amount of material is melted it forms neck 

formation between particles. This leads to a porous built part. With increasing amount of molten 

material, a denser part is received. The most critical part in the PBF process is to control the 
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crystallization. In an ideal PBF powder the onset of melting upon heating and the onset of 

crystallization upon cooling are up to 30 °C apart (Figure 5). 

 

 

Figure 5: DSC Measurements with sintering window (PA12)13 

 

This temperature region between the two onsets is called the sinter window. The establishment 

of a suitable sinter window with DSC measurements is one of the first steps in establishing 

PBF processability.14 In an ideal PBF process, the powder is kept at a temperature above the 

onset of crystallization during the build job. The short term laser irradiation then elevates the 

powder temperature over the melting temperature and the powder solidifies without 

crystallization. Crystallization is then ideally initiated by the slow cooling of the whole build 

chamber leading to evenly distributed crystals. Two major build defects can be attributed to 

inhomogeneous crystallization (Figure 6). The first defect is the immature crystallization of a 

freshly molten layer of powder called curling. The crystallization leads to a shrinkage of the 

layer and thusly to stresses inside the layer, causing the edges to curl upward.15 If the curling 

is not too severe (e.g. higher than a new layer of powder) the next layer of powder can correct 

this fault. Nevertheless, this building defect leads to a deviation of the CAD model in z-direction. 

The second defect occurs later in the build job when inhomogeneous crystallization leads to 

residual stresses in the complete part and warps it. This second defect cannot be corrected 

and can only be seen after the build job is completed.3,15 Warpage represents an immense 

disadvantage in terms of cost and time efficiency. To prevent warping a controlled cooling rate 

is necessary.16,17 As a rule of thumb, the printed parts are cooled down as long as the building 

job takes to complete. Several attempts at simulating warpage with finite elements methods 
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were undertaken.10 Such a simulation would offer the opportunity to predict and prevent 

warpage or to devise countermeasures against it.2 

 

 

Figure 6: Differences in dimensional deviations: Curling and warpage18 

 

3.1.1.2  Powder flowability 

A key factor in producing a PBF-capable polymer powder is the flowability of the powder. 

Several polymers, which can be laser sintered, are not able to be used in a PBF process, due 

to the insufficient flowability and packing density of the powders. The most critical step is the 

deposition and smoothening of a single powder layer. The success of this process depends 

largely on the particle morphology. The more spherical and smooth the single particles are the 

better they can glide off of each other, resulting in a better overall powder flow and packing 

density.19 Irregular powder suffer in flowability with increased packing density (interlocking).9 

The attractive forces that act on the particles are the combined van der Waals, electro static 

and liquid bridge forces (e.g. residual moisture). The order of magnitude of their effects 

depending on the particle size are depicted in Figure 7 in a simple model, where a particle is 

interacting with the surrounding wall. The liquid bridges have the biggest influence on the 

attractive forces, followed by the van der Waal forces and electrostatic forces.20 As the PBF 

process mostly operates at higher temperatures than 100 °C liquid bridges consisting of water 

can be neglected but can be an issue at room temperature flowability measurements. This can 

lead to higher recorded flowability values at elevated temperatures.21 It can be clearly said that 

the van der Waals forces are the most dominant attractive forces at play in a PBF powder 

especially for powders with a share of fine particles. 
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Figure 7: Influence of the particle size on the attractive forces between a wall and the particle20 

 

Several flowability test methods are available. The best results in terms of predictable PBF-

suitability can be achieved with the measurements mimicking the process conditions as close 

as possible. A consensus of which test methods yield the best results in PBF suitability has 

not been reached. 

The most simple flowability measurements are funnel based flowability tests (HALL flow meter 

ASTM B213, Carney Funnel ASTM B964). In these tests a powder is placed inside a funnel 

and the time needed to flow through an orifice is measured. The advantage of these tests lies 

in their simplicity and cheapness. These types of tests are better suited for good flowing 

powders (metal) than for powders that are cohesive, but they still work in AM (polymeric 

powders).22 Due to high errors in the measurements (operator influence, aeration of powders) 

the results of these tests can only be used for comparative tests and not for quantification 

statements.23 Another very easy method is the HAUSNER ratio (HR) (ASTM D7481-09). The 

Hausner ratio is defined by the ratio of the bulk and the tap density of a powder. A HAUSNER 

ratio of 1 identifies a powder as incompressible. The view on the HAUSNER ratio in the literature 

is divided. SPIERINGS et al. mention that the HAUSNER ratio cannot be correlated well with other 

more sophisticated flowability measurements and is therefore not suited for the PBF powder 

characterization.22 Other authors were able to distinguish several grades of PBF powders 

using the HAUSNER ratio.24 A similarly divided case can be found for the also widespread 

measurement of the angle of repose of a bulk solid. It seems to be useful for free flowing to 

slightly cohesive powders but fails for the cohesive but still usable PBF powders.23,25 This 

method again suffers from operator influence. Of the more advanced flowability measurements 

powder rheology has become popular in recent years.26–28 This method operates on the 
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principle of a mixing element displacing powder and measuring the forces needed to do so. All 

the rheological parameters (stability index, specific energy, conditioned bulk density) obtained 

with a Freeman FT4 rheometer correlated well with the actual PBF recoater performance. 

Similar attention has been received by the dynamic avalanche angle measurements. This 

method is based on measuring the dynamic avalanche angle of a powder inside a rotating 

drum. It could be shown that this method is useful for determining the PBF suitability with the 

measured flow properties (avalanche flow index, cohesive index, surface fractal).22,29 

Proponents of this method indicate the likeness of the avalanche to the likeness of the 

avalanche during a PBF recoating process, while opponents criticize the lack of theoretical 

background.20,30 A large group of flowability testing methods can be summarized under shear 

testing. One of the most prominent representative of this method is the Schulze ring shear test 

cell (ASTM D6773) (Figure 8).31 

 

 

Figure 8: Schematic view of a Schulze ring shear test cell20 

 

This method relies on bringing the powdered sample in a conditioned state and testing from 

this conditioned state. This allows for high repeatability and high understanding of the 

theoretical background.20 A measurement is executed as follows: A powder is placed under a 

predefined pressure in the ring shear tester and is sheared until homogenous flowing is 

achieved (preshear). The pressure is then reduced to the actual measuring pressure and the 

powder is sheared again until incipient flow starts. The stress required to shear the compressed 

powder sample is called shear point. By repeating the first step and then measuring several 

pressures a yield limit/yield locus can be constructed (Figure 9).21 
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Figure 9: Measurement of shear points and the construction of the yield limit20 

 

From these individual shear points Mohr circles can be constructed. These represent all forces 

at all angles inside the powder at the point of incipient flow. The two meeting points of the Mohr 

circle with the x-axis represent the forces applied from the top and from the sides (σ1, σ2). By 

constructing a Mohr circle that exhibits a crosspoint directly at the origin (representing no side 

forces) the unconfined yield strength σc can be determined. 

 

 

Figure 10: Yield locus and Mohr stress circles20 
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To numerically determine the flowability the ratio ffc of the consolidation stress, σ1 at the 

preshear condition to the unconfined yield strength σc is used. The larger the ffc the better a 

powder flows. The ffc can be defined in the following regions of flowability. 

 

Table 1: Flow behavior for different ffc values 

ffc<1 Not flowing 

1<ffc<2 Very cohesive 

2<ffc<4 Cohesive 

4<ffc<10 Easy flowing 

10<ffc Free flowing 

 

Opponents of this technique find it not comparable to the PBF process, as the powders are 

measured under a compressive load.22 Proponents point out that the technique is able to work 

under minimal compressive loads (as low as 500 Pa) and has been successfully used to 

identify different qualities of PBF powders with different kind of shear cells.32 

 

3.1.1.3 Optical properties 

The absorption of the used laser by the powder must be sufficient for a successful PBF 

process. Next to the absorption, the refraction and reflection of the powder must be taken into 

account. Ideally, the energy supplied by the laser is absorbed directly and only at the focus 

point of the laser beam. Increased interaction through refraction and reflection decreases the 

spatial resolution of the building process as material outside of the laser path is influenced. To 

control the absorptivity of a powder additives such as carbonaceous compounds, can be 

employed.2 A close-up of the line-by-line consolidation can be seen in Figure 11. The depth, 

width and overlap of the consolidated line left by the traveling laser focus in the powdered 

material is dependent on the PBF parameters laser power, scanning speed and hatch spacing. 
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Figure 11: PBF process parameters33 

 

3.1.1.4 Additives 

Several types of additives/filler systems have been investigated to adjust PBF powder 

properties (mainly for PA-12). Additives or fillers can be put in two categories: Those that 

increase the processability of the polymer in a SLS-process (flowability, particle shape, melt 

viscosity, surface tension, crystallization) and those that are used to increase key properties 

of the sintered product (stiffness, mechanical strength, fire retardance, biocompatibility, 

conductivity. etc).2 Ideally, filler systems have positive influences on both categories. To 

increase absorption of the used laser wavelength the addition of dyes34,35, carbon black,36 

phosphates,37 or carbon nanotubes38–41 have been investigated. Increasing the absorbance 

leads to less transmittance through the powder layer to already sintered parts. Better 

conversion of laser- to heat-energy also means less laser-energy is needed for melting, 

resulting in less radiation induced side reactions. Another technique to increase thermal and 

mechanical strength of the sintered product is the introduction of heat and light 

conducting/refracting/diffracting filler (carbon nanotubes42, glass beads43,44). Distributing the 

laser energy evenly over the irradiated surface is important in reducing thermal stress 

(gaussian energy profile of laser spot) and increases the sintering between neighboring 

particles. 

A common Problem of PBF powders, which can be solved by additives, is the insufficient 

flowability of the base materials. To increase the flowability of PBF powders nano-sized 

spacers are employed. As the attractive forces between particles are dependent on their 

distance, introducing these spacers greatly reduces the attractive forces. The effect is 



15 

dependent on the difference in size between the space and the host particle, as well as the 

surface covering of the host particles. A reduction in attractive forces is most efficient if the 

particles are small enough (nano-sized) so that their own attractive forces do not have a large 

influence on the overall attractive forces (Figure 12). 

 

Figure 12: Influence of the radius r of a spherical flow additive on the attractive forces (FH) between a 
host particle and a wall20 

 

3.1.1.5 PBF powder production 

The PBF process requires high control of particle size distribution and particle morphology in 

the production of polymeric PBF powders. Industrially manufactured powders usually have a 

size range of 60 µm and a narrow particle size distribution.12 The chosen production process 

of PBF powders is dependent on the material used and the desired powder properties needed. 

Three industrially used techniques have been developed to produce PBF powders: I) 

Cryogenic milling of bulk material; II) Precipitation of polymer solutions; III) Co-extrusion of 

non-miscible polymer blends. 

Cryogenic milling involves cooling the bulk polymer below their glass transition point and 

crushing the material with an impact crusher to receive powders in the 100 µm range. This 

process yields jagged and uneven particle morphologies with a broader particle size 

distribution, which do not flow well. Nevertheless, this process is one of the most economical 

and simple procedures to produce PBF powders. The addition or mixing of components and 

additives is very easy in this process and can lead to mechanical alloying of the components 

(e.g. PA12 and PEEK45). A common technique to alleviate the undesired morphologies and 

the broad particle size distributions is to introduce the milled powders to a downer reactor, 

where the particle edges are rounded by hot gas, and then to implement a sieving process to 

control the particle size distribution. 
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Precipitating out of polymer solutions is mainly used for polyamide PBF powders. In such an 

exemplary process, polyamide 12 is dissolved at elevated temperatures in ethanol. Upon 

cooling down the polyamide separates out of the solution and forms 50 µm - 150 µm large, 

non-porous particles with a narrow particle size distribution. The morphology is not perfectly 

round, but more potato shaped, yet still usable in PBF processes. Investigation of different 

types of solvents and polymers is topic of scientific and industrial research. The mixture of 

polymers or the usage of additives is complicated in this process, as they can heavily influence 

the precipitation behavior (e.g. initiating nucleation or separation of compounds). 

To create perfectly round and smooth PBF powders two methods are available. Both operate 

under the same principle of emulsion formation. The first method comprises of co-extrusion of 

two non-miscible polymers. The minority phase will form droplets in the matrix during the 

mixing action. The matrix polymer is then removed with an appropriate solvent, which must be 

a non-solvent for the minority polymer. After sieving and drying the resulting minority phase 

polymer PBF powder is obtained.46 A good example of this technique is the production of 

isotactic polypropylene PBF powder with polyvinylalcohol as matrix and water as matrix 

removing solvent. This process is quite costly and is only economically viable because of the 

superior powder properties. Another more economically viable route to perfectly round and 

smooth polymer particles is the production of polymer powders from a monomer emulsion.2,3 

This route is limited to emulsifiable monomers. A good example is the production of polystyrene 

PBF powder from a styrene/water emulsion.2,10 SEM analysis of the different morphologies, 

resulting from the different production techniques, is depicted in Figure 13.2,10 

 

 

Figure 13: Morphologies of commercial powders for PBF. a: Cryo milled particles (EOS GmbH: PA-11 
PA1101) b: Precipitated particles out of PA12 (EOS GmbH: PA2200) c: Polystyrene particles produced 
by emulsion polymerization (EOS GmbH: PS powder PrimeCast)2 

 

Several other techniques for the production of PBF powders are known, such as spray drying,47 

wet grinding,48 fiber cutting49 and solubility of supercritical gas in a polymer melt.50 
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3.2 Polymerization of ethylene 

3.2.1 Molecular structure, molecular weight distribution and resulting material 

properties 

The most common classification system for polyethylene is based on bulk density. High density 

polyethylene (HDPE) has a median density greater or equal to 0.941 g/cm3, while low density 

polyethylene (LDPE) has a density between 0.910 g/cm3 and 0.940 g/cm3.51 Perfectly 

amorphous polyethylene would have a density of 0.880 g/cm3 while a complete polyethylene 

crystal would have a density of 1.000 g/cm3.52 These differences in densities arises from their 

different crystallization behavior due to the different microstructure of LDPE vs. HDPE. HDPE 

consists out of single chains of polymer without any branches, whereas LDPE consists out of 

chains with side branches of up to 50 ethylene units with possible short sub-branches. These 

side branches make it harder for the LDPE to settle into a perfect crystal and thus a higher 

percentage of LDPE stays amorphous after cooling from the melt.53 A third common type of 

polyethylene is the linear low density polyethylene (LLDPE). LLDPE is generated by 

incorporation of 1-olefins into the polymerization and has a similar density to LDPE. A graphic 

representation of a lamellar polyethylene crystal and the different types of polyethylene is 

pictured in Figure 14. 

 

 

Figure 14: Representation of a lamellar folded polyethylene crystal and schematic representation of 
different types of polyethylene53,54 

 

The material properties hardness, brittleness, melting point and glass transition point are 

depending on the amount of crystallinity and molecular weight of the polyethylene.55 In Figure 

15 the resulting mechanical properties are depicted and classified into substance applications. 
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Figure 15: Crystallinity plotted vs. the molecular weight and the resulting mechanical classification by 
aplication. Winothenes® and Alkathenes® are registered trademarks55 

 

In the low molecular weight regimen the crystallinity changes the mechanical properties from 

very soft (greases) to soft but still pliable (soft waxes) to ultimately hard and brittle (brittle 

waxes). Increasing the molecular weight increases the material properties in a similar matter 

(soft to hard) with a distinct difference: With longer chains the resulting material will not be 

brittle but flexible (plastics). Another key property that corresponds to the molecular weight and 

molecular structure is the zero-shear viscosity of the melt (Figure 16). 

 

Figure 16: Left:Zero-shear viscosity plotted against the molecular weight of linear HDPE samples.56 
Right: Zero-shear viscosity of linear and long-chain branched LDPE and LLDPE samples57 
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Two distinct regions can be observed in the double logarithmic graph of zero-shear viscosity 

plotted against the absolute molecular weight of linear polyethylene. The first region spans 

from zero to ~ 2000 g/mol. The behavior of the samples can be accurately described with a 

linear regression with a slope of one. 

Above ~2000 g/mol the data points can equally be accurately fitted with a linear regression 

with a slope of 3.6. Slight deviations from the fit are due to broad or bimodal molecular weight 

distributions.56 The molecular weight at the intersection of both linear regressions is known as 

critical molecular weight. It marks the transition between the two regions. This behavior can be 

attributed to the reputation theory first published by DE GENNES.58 At the critical molecular 

weight the chains are beginning to be hindered by entanglements with itself and other chains. 

Lateral chain movements are not possible anymore and the only movements are snake-like 

reptations along the axis of the polymer chain. According to DE GENNES the relaxation time is 

defined as the time a chain needs to move once its entire length. This relaxation time is 

depending on the third power of the molecular weight. This description is close to the actual 

measured values of 3.4 to 3.6. 

The behavior of long-chain branched or star-polyethylene is markedly different (Figure 16, 

right). It can be observed that the data points cannot be fitted with a linear regression any 

longer. Different approaches have been made to develop a good fit function depending on the 

side branch structure and length.59–61 It is important to note that these star- or long-chained-

polyethylenes have a much higher sidechain ratio and length as in commercial available LDPE 

or LLDPE. LDPE and LLDPE with a side-chain ratio found in commercial products can also be 

accurately described with the linear regression found for linear polyethylenes.57 

 

 

Figure 17: Reptation model according to DE GENNES and graphic interpretation of the entanglement 
molecular weight62 

 

The statistical chain length between two entanglement points is called the entanglement 

molecular weight. The rule of thumb “Three fingers hold a stick” describes the dependency 

between the entanglement molecular weight and the critical molecular weight, as the critical 

molecular weight is often two to three times the size of the entanglement molecular weight. 
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The co-dependency of the entanglement density and the critical molecular weight of linear 

polymers has been studied extensively in literature.63–67 

Apart from the chain length and the molecular structure the molecular weight distribution has 

also a big effect on the resulting material properties. A narrow molecular weight distribution is 

not always favorable as polymers are a product which need to fill several roles in its production 

process. I.e. it needs a low enough viscosity to be used in molding processes and needs a 

high toughness to withstand external forces when cold. Both attributes can be obtained if a 

blend of high molecular weight for toughness is combined with a low molecular weight 

component generating the lower viscosity. The long chains of the high molecular weight 

polyethylene act as tie molecules between low molecular weight polyethylene crystals and 

transferring external forces from one crystal to the next, preventing cracking. Such a bimodal 

molecular weight distribution and resulting tie molecules is exemplary shown in Figure 18. 

 

 

Figure 18: Exemplary mixture of high and low molecular weight polyethylene with long polymer chains 
acting as tie molecules68 

 

As extruder blending of high and low molecular weight polyethylene is not yet commercially 

viable, due to the high viscosity of high molecular weight polyethylene, and is still topic of 

recent research,69 other methods are needed to intimately mix high and low molecular weight 

polyethylene. This feat can be accomplished by synthesizing low and high molecular weight 

polyethylene next to each other. This technique is called reactor blending. Several reactor 

blending techniques are depicted in Figure 19. 
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Figure 19: Left: Reactor blend technology based on multi-site catalysis and the resulting tailored 
molecular weight distribution. Right: Multi-reactor cascade and multi-zone reactor as additional reactor 
blend examples68 

 

The first approach uses different catalysts within one reactor system. Each catalyst is 

responsible for producing one part of the resulting multimodal polyethylene distribution. 

Another approach would be to create different reactor environments for one catalyst. E.g. the 

loop reactor is responsible for generating one molecular weight distribution while the fluidized 

bed reactor is responsible for the other molecular weight distribution. The last concept is the 

Spherizone concept by LYONDELBASELL.70 In the riser and downer zones different reaction 

environments are present subjecting the circulating product to alternating polymer growth. 

Examples of effective reactor blending can be found in recent literature.71–75 

The catalysts used should produce as narrow as possible distributions to be able to carefully 

adjust the amount and length of the resulting chains to ensure these approaches can be used 

to its full potential. The goal is to generate the wanted properties in the final polymer product. 

Two types of ideal distributions are possible, depending on the reaction regimen of the 

polymerization. The first and more common distribution is the SCHULZ-FLORY distribution.76 It 

is also called the most probable distribution and is a discrete distribution with the differential 

mass distribution function of the form: 

 

 fw(x)= a2 x (1-a)
x-1

 Equation 1 

 

With x being the parameter characterizing the chain length, e.g. relative molecular mass or 

degree of polymerization, and a being a positive empirical constant.77 This distribution is 

characterized by a minimally achievable polydispersity index (PDI) of 2 and an asymmetric 

distribution favoring low molecular weight products. Prerequisite for a polymerization to yield a 

SCHULZ-FLORY distribution is the simultaneous occurrence of deactivation of active centers, 

yielding inactive chains, and the new formation of active centers, yielding small new chains. 

This behavior leads to a steady state with a stable concentration of growing chains. An 

example for a polymerization yielding this type of distribution is the free radical polymerization. 

Free radicals are generated by decomposing initiator molecules while active growing chains 
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can be deactivated by radical transfer reactions or by coupling with another active radical. The 

amount of coupling reactions determines the broadness of the resulting distribution.78 The 

other most important ideal distribution is the Poisson distribution. It is a discrete distribution 

with the differential mass-distribution of the form: 

 

 
fw(x) = 

e-a ax-1

(x-1)!
 Equation 2 

 

With x being a parameter characterizing the chain length e.g. relative molecular mass or 

degree of polymerization and a being a positive empirical constant.79 This distribution is defined 

by a very narrow distribution with a PDI of 1 and a symmetrical distribution. For a 

polymerization to generate polymers that follow a Poisson distribution there must be no 

permanent deactivation of growing chains. Chain growth must not be dependent on chain 

length or other factors. Typical examples of polymerization generating Poisson distributed 

polymers are living ionic polymerizations.54,80 

 

3.2.2 High pressure synthesis of polyethylene 

The most common route to synthesize polyethylene is the high-pressure synthesis. It is the 

oldest commercial route to LDPE originated by FAWCET at Imperial Chemical Industries in 

1936.81 This route consists of subjecting the monomer ethylene to pressures between 1500 to 

2300 bar and temperatures between 150 °C and 200 °C together with a radical starter, such 

as oxygen or peroxides. The free radical polymerization that follows must be controlled 

carefully to prevent an exothermic runaway. Commercial processes use tubular continuous 

plug flow reactors at high flow rates to generate a high surface to volume ratio using over 

critical ethylene as solvent. After the reaction the reaction mixture is decompressed and the 

residual ethylene is recycled. The resulting polymer is then processed further to generate films, 

tapes or granules.82 Due to the radical polymerization back biting and radical transfer can take 

place, leading to a branched microstructure of the polymer.83 The chemistry and kinetics of the 

free radical polymerization of ethylene at high pressures is described in detail in literature.84–86 

The nature of the radical chemistry makes it possible to incorporate a wide array of possible 

olefinic monomers and even more polar monomers, such as acrylates or vinylacetate.87 This 

facilitates a high degree of freedom to tailor the resulting polymer properties. The high pressure 

synthesis of LDPE is still being used to generate LDPE in the Mt range despite the high costs 

of high pressures and temperatures.54,88 
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3.2.3 Low pressure synthesis of Polyethylene 

ZIEGLER and NATTA discovered the catalytic activity of β-TiCl3 synthesized by the reaction of 

TiCl4 with aluminum alkyls.89,90 This class of catalyst is able to generate linear HDPE In 

comparison to the branched LDPE synthesized by radical reactions. The reaction pathway 

follows the insertion mechanism first proposed by COSSÉE and ARLMANN (Scheme 1).  

 

 

Scheme 1: Proposed reaction pathway for the polymerization of ethylene under the action of β-TiCl354,91 

 

Prior to the reaction the crystalline β-TiCl3 particle is alkylated by aluminum alkyls yielding the 

catalytic active cationic species. The reaction starts with the side-on coordination of an 

ethylene molecule at a free coordination site at the titanium center. The next step is an insertion 

of the ethylene into the alkyl chain opening up a coordination site for the next ethylene 

molecule.91 The resulting molecular weight distributions are quite broad and the incorporation 

rate of comonomers is inhomogeneous, due to many active sites in one particle competing for 

ethylene and comonomers.78,92 This behavior is a hallmark of multi-site catalysis. Most HDPE 

polymer is produced by heavily improved and advanced versions of heterogenous catalysts 

based on the Ziegler-Natta catalysts.54,93,94 

 

3.2.4 Single-site catalysts 

Research has been carried out to develop single-site catalysts to elucidate the relationship 

between the active catalyst structure and the resulting polymer properties. Other incentives to 

develop single-site catalysts were the hope to narrow the broad molecular weight distributions 

and homogenize the comonomer incorporation rates (Figure 20). 
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Figure 20: Typical molecular weight distributions and comonomer content of a single-site catalyst (left) 
and a multi-site catalyst (right)78 

 

First efforts in this research field have been carried out by BRESLOW95 and NATTA96 in 1957. 

The first research was based on fourth group transition metals after the success of titanium-

based heterogenous catalysts. The metallocene derivates of zirconium, titanium and hafnium 

were indeed suitable single-site polymerization catalysts. These catalysts had in common that 

they did not respond well to activation with metal alkyls. The true potential of these catalysts 

did manifest itself after the discovery of methylaluminoxane (MAO) as potent catalyst activator 

by SINN and KAMINSKY in 1976.97 MAO is synthesized by the partial hydrolyzation of 

trimethylaluminum. The resulting mixture of different possible morphologies, such as chains, 

rings or clusters, has not been fully elucidated (Figure 21). 

 

 

Figure 21: Hypothesized structures of methylaluminoxane. Structures can reach a molecular weight up 
to 1000 g/mol98 

 

Further research in the area of metallocene catalysts is mostly reserved for the stereoselective 

synthesis of polyethylene with comonomers or for propene polymerization to yield 

stereospecific polymers. The research group of BRINTZINGER developed the ansa-

metallocenes in 1982 by connecting the cyclopentadienyl rings freezing the ligand geometry 
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around the active center.99 Effective stereocontrol of the resulting polymer chain can be 

achieved by introducing differently sized moieties on the cyclopentadienyl ligand.100 The next 

evolutive step was to replace the cylopentadienyl ligands to create cheaper, more robust and 

more active catalysts. By applying the isolobal concept101 a screening of appropriate ligand 

candidates gave the class of half-sandwich complexes. Well known isolobal replacements for 

cyclopentadienyl ligands are amides, ketamide, guanidinates, iminoimidazolidide, 

phosphinimide and aryloxides.102 Aside from changing the ligands and their geometries, 

research has been carried out to replace the active center towards more abundant and thusly 

more economic viable late transition metals. Challenges arise from the properties of late 

transition metals to undergo β-hydride elimination towards the metal center yielding short 

oligomerized 1-olefins as the main product. This property has been exploited in the SHELL 

higher olefin process using a Nickel(II)-complex.103 Careful ligand selection has been carried 

out to suppress the unwanted β-hydride elimination to develop useful polymerization 

catalysts.54,104 

 

3.2.5 Coordinative chain transfer polymerization 

Coordinative chain transfer polymerization (CCTP) takes the concept of single-site 

polymerization one step further. Instead of only one chain growing per active catalyst a chain 

transfer agent (CTA) is added to the reaction increasing the number of growing chains per 

active catalyst. A simplified reaction scheme can be seen in Scheme 2. 

 

 

Scheme 2: Simplified reaction pathways for the activation, transfer, growth and termination reactions of 
a bis(imino) pyridine iron(II) chloride complex in a coordinative chain growth regimen54,105 

 

This reaction pathway gives a reservoir of passive “sleeping” chains which can be transferred 

between the active catalyst and a dormant chain transfer reagent. This can be a considerable 

advantage as it yields the opportunity to increase the productivity of a given catalyst molecule 

by producing more chains per catalyst. Depending on the CTA used follow up reactions of the 

CTA terminated polymers can be explored, yielding the opportunity for functionalized end-

groups. If the transfer reaction is orders of magnitudes faster than the growth reaction, all 

polymer chains transferred between the CTA and the active catalyst will grow at the same 
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speed. Ideally the resulting molecular weight distribution should thusly follow a Poisson 

distribution.105–108 By carefully adjusting the reaction parameters the chain length of the 

polymers should also be controllable. Literature known active centers include hafnium, 

zirconium, actinoids, ytrium, cobalt, iron and titanium.106 A wide array of ligands, such as 

cyclopentadienyls, aminopyridines, aminidates and bis(imino)pyridines, are reported in 

literature.102 Common chain transfer reagents include metal alkyls based on magnesium, 

aluminum and zinc.54,106 

 

3.2.6 Bis(imino) pyridine catalysts 

With the discovery of the bis(imino) pyridine iron(II) (BIP) catalyst class in the 1990s, a new 

catalyst class was simultaneously described by BRITOVSEK et al.109,110 and SMALL et al.111,112 

They are structurally neighbors to the previously discovered catalyst classes of palladium and 

nickel centered bis-oxazoline und α-diimine complexes.113 The newly discovered class of 

catalysts is based on the abundant, non-toxic element iron and yields highly linear 

polyethylenes while the palladium and nickel based systems are prone to chain walking and 

insertion of 1-olefins.114–119 The general structure of a symmetric BIP catalyst is shown in 

Scheme 3. 

 

Scheme 3: General structure of a symmetric mononuclear BIP metal chloride precatalysts 

 

The most common preparation pathway is the double Schiff-base condensation of 

2,6-diacetylpyridine with two equivalents of appropriate aniline derivates to yield the 

symmetrical bis(imino) ligand.120 The next step consists of the formation of the metal complex 

by introducing the metal chloride into the system. This precatalyst is activated by alkylation 

with short chained aluminum alkyls or MAO. 

The state of the activated catalyst is still topic of scholarly debate. The most simple suggested 

activation pathway consists of the double halide abstraction and alkylation of the iron center 

yielding the cationic iron BIP species with an anionic MAO counterion. It has been shown that 

these types of cationic species do polymerize ethylene,121 but the complex reaction 

environment yields a plethora of active and inactive catalyst structures. Extensive nuclear 

magnetic resonance (NMR) and electron parametric resonance (EPR) studies of the group 

around ZAKHAROV led to the assumption that different activating reagents lead to different 

heterobimetallic species (Scheme 4). By using aluminum alkyls a neutral heterobimetallic 

complex is formed while under the action of MAO an ionic pair of a cationic BIP iron(II) 

structures, together with an anionic MAO molecule, is formed. These bimetallic species are 
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not active polymerization species. Depending on the amount of alkylating reagents this type of 

catalyst structure can outweigh the amount of active catalyst species resulting in a reservoir of 

“sleeping” catalysts.122–124 

 

 

Scheme 4: Schematic reaction pathways for the synthesis of heterobimetallic BIP iron complexes54,122 

 

A concentration of aluminum alkyls which is too high leads to the deactivation of the catalyst 

by alkylating the ligand or reducing the iron center to inactive iron(I) species. BIP iron(III) 

catalysts show similar to higher activities compared to their iron(II) counterparts.125,126 EPR and 

NMR studies suggest that the iron(III) species is not as stable as the iron(II) species in a 

reducing environment and is converted to the iron(II) species.127 

The formation of the active catalyst, originating from the heterobimetallic neutral complex, is 

triggered by the displacement of one aluminum alkyl molecule and the subsequent 

coordination of an ethylene molecule (Scheme 5).128 

 

Scheme 5: Formation of the active catalyst structure by displacement of one aluminum alkyl moiety by 
an ethylene molecule54,122 

 

The possible reaction pathways the activated catalyst can undergo are depicted in Scheme 6.  

The first reaction is the insertion of an ethylene molecule into the growing chain by the 

mechanism proposed by COSSÉE and ARLMANN.129 The following two reactions depict the 

possible β-hydride eliminations. First: The β-hydride elimination towards the metal center and 
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second: The β-hydride elimination under the influence of an ethylene molecule. The last 

reaction shows the chain transfer between an aluminum alkyl and the iron center. A perfect 

CCTP behavior can be reached if the concentration of aluminum alkyls is high enough. All 

reactions have in common that they yield an active catalyst center after the reaction. σ-Bond 

metathesis and insertion of a 1-olefin higher than propylene130 have not been observed with 

this catalyst class. 

 

 

Scheme 6: Reactions of the activated catalyst54,110 

 

BIP complexes with a major part of the periodic table of elements have been discovered.128 

Activity towards the polymerization of ethylene can be observed when using BIP-complexes 

of late transition metals such as chromium, vanadium, nickel, and cobalt. These coordinated 

metal ions yield catalysts which do not reach the same activity and selectivity towards 

saturated chain termination as iron based BIP catalysts. Apart from the choice of the 

coordinated metal ion the most influence over the polymerization can be gained by the 

structure of the ligand. Changing the size of the ortho moieties on the aryl rings influences the 

selectivity of the catalyst. Choosing small methyl moieties on the aryl moieties leads to highly 

active catalysts that terminate the chains mainly by β-hydride elimination.131 Increasing the 

size of these ortho aryl moieties decreases the activity and leads to longer saturated chain 

termination. Mixed or asymmetric catalysts often lead to highly active catalysts producing short 

chained 1-olefins. This behavior is due to the steric control around the active site. Especially 

the six membered ringed transition state of the β-hydride elimination towards ethylene is 

sterically demanding.132 This reaction pathway can be effectively closed off by steric crowding 

the active site over and under the coordination plane of the planar BIP three pronged basic 

structure. The reaction then terminates with a higher probability towards aluminum or not at all 

resulting in longer chains. Apart from the steric influence of the aryl bound moieties the effect 

of electron pushing or pulling moieties can be observed. An increase in catalytic activity can 
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be observed if the slightly electron donating alkyl moieties are exchanged with electron pulling 

halogen atoms. This is due to the overall weakening of the ligand metal center bonds.133 

Reducing the steric bulk of the aryl rings at the imine moiety leads to deactivated catalysts by 

bis chelating ligands.134 Changing the methyl moiety at the imine structure towards sterically 

demanding ligands reduces the overall catalyst activity immensely. Reducing the methyl 

moiety to a single proton yields an active catalyst which produces mainly 1-olefins.54 Main 

parameters influencing the polymerization outside the choice of catalyst are described below. 

 

Concentration of chain transfer reagent 

Increasing the concentration of chain transfer agent leads to a more narrow distribution of 

molecular weight of the resulting polymer as higher frequencies of transfer lead to a 

homogenous growth of almost all polymer chains at the same time, as long as no precipitation 

of aluminum polymeryls takes place. High concentrations of CTA can lead to bimodal 

molecular weight distributions, due to aluminum polymeryls dropping out of solution and not 

participating in further transfer reactions.110 

 

Concentration of monomer 

Increasing the monomer concentration leads to a linear increase of yield of polyethylene as 

the reactions of insertion and growth and the β-hydride elimination are favored over the chain 

transfer reaction.110 Graphic representations of the monomer concentration and the 

concentration of CTA on the reaction rates of the transfer, β-hydride elimination and the growth 

reactions are depicted in Figure 22. 
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Figure 22: Schematic plotting of reaction rates vs. reaction time in different reaction scenarios using 
MAO as activator and CTA in a CCTP with BIP iron complexes. A: Low concentration of CTA. B: High 
concentration of CTA. C: High ethylene pressure. D: low ethylene pressure110 

 

Temperature 

Increasing the reaction temperature leads to a deactivation of the active catalyst possibly 

attributed to rotation of the aryl moieties sterically opening the catalyst center for side 

reactions.128 This leads to shorter chains and lower overall activity. This can be seen as an 

inherent safety feature as exothermic runaway reactions with catastrophic outcomes are not 

possible.110 

 

Time 

The chain transfer reaction is the most influenced reaction by the reaction progress as the 

increasing chain length transferred on to the aluminum atom decreases its mobility and 

increases its steric hindrance. The reaction rate decreases drastically over time while the 

growth and β-hydride elimination are not affected, leading to a stagnating amount of low 

molecular weight polyethylene while the high molecular weight fraction keeps increasing.54,110 

 

A A B 

C D 
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3.3 UHMWPE and disentangled UHMWPE 

Ultra high molecular weight polyethylene is a type of HDPE with elevated molecular weight. 

The most common definition of UHMWPE is a polyethylene with a molecular weight in excess 

of 1x106 g/mol. The viscosity of the melt of such an UHMWPE can be as a high as 1010 Pa*s, 

due to the high amount of entanglements in the linear UHMWPE chains. The high melt 

viscosity prevents the usage of the Polymer processing techniques of injection molding or 

screw extruding.135–137 Nevertheless, this polymer is widely used as it is cheap in production 

and has outstanding physical properties, such as high abrasion resistance, high impact 

resistance, fatigue resistance, self-lubrication, a good resistance against low temperatures, 

high chemical stability and chemical inertness.138–140 Its property profile situates UHMWPE at 

the border between commodity polymers and engineering polymers. 

Parts, especially profiles such as rods or plates, out of UHMWPE are commonly produced by 

continuous ram extrusion of powdered UHMWPE. More intricate parts, such as artificial join 

replacements, are directly pressed into the desired shape by compression molding of 

UHMWPE powder in a discontinuous process. Both techniques often require further annealing 

or subtractive machining to generate the final desired parts. Extensive studies have been 

executed to understand the impact of fabrication conditions, post-molding treatment, 

machining and powder morphology on the final parts.141–147 

These rather expensive processing techniques are quite restricted in their abilities to produce 

complex shapes. Additive Manufacturing (AM) of UHMWPE with powder bed fusion would offer 

the possibility to generate tailor-made complex shapes in a quick and economical process. 

In the last years, more and more research into PBF with UHMWPE has been carried out.148–

152 The received parts of PBF built UHMWPE are not yet comparable to traditionally 

manufactured parts of UHMWPE. Warpage and shrinkage are often found, due to the 

insufficient crystallization management, possibly due to the thermal mismanagement in the 

build chamber. As the actual melting or sintering process takes place in a short amount of time, 

the entanglement of the chains between themselves and neighboring chains is often 

incomplete, due to the long reptation time needed by the long UHMWPE chains. This results 

in inferior mechanical properties compared to traditional manufactured UHMWPE parts.58,153 

 

Disentangled UHMWPE is a type of polyethylene, which consists out of single polymer chains 

folded into crystals with minimal inclusion of different chains. It can be found in nascent 

UHMWPE, where the reaction parameters (living catalyst at low catalyst concentrations and 

low reaction temperatures72,154) ensure a higher rate of crystallization than entanglement.155–

157 Melting the disentangled UHMWPE results in a heterogenous melt with partially entangled 

and disentangled chains. 
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Depending on the parameters of the melting process (heat rate, shear rate, time) the 

disentangled state is lost, and a thermodynamically stable entangled state is reached. This 

phenomenon is accompanied with an increase in modulus and viscosity buildup.158 

Hot press sintering studies159,160 of nascent disentangled UHMWPE powder has led to the 

discovery of yet another property coined melting explosion. Polymer chains entangled faster 

and more profound than can be explained through reptation alone. Several authors suggest 

sideways or segmental motion or cooperative ROUSE motions of the polymer chain at the scale 

of the gyrational radius, leading to a fast entropically driven entanglement between particles 

and chains.145,161–163 Therefore, UHMWPE parts sintered from disentangled UHMWPE show a 

dramatic increase of mechanical strength and high draw ratio (50% to 500 %) compared to 

parts prepared from entangled UHMWPE.158–160 

 

3.4 Supported catalysts and catalyst templates 

Almost since the first discovery of homogeneous catalyst systems efforts into their 

heterogenization have been explored. The driving forces behind these efforts are the reduction 

of reactor fouling and the control over the bulk density and the morphology of the resulting 

polymer.164 

Most commonly used materials for catalyst supports are inorganic materials, such as silica-, 

alumina- or magnesium dichloride-particles.165 The fixation of the catalyst can either be 

performed by a physical absorption, electrostatic interaction or a chemical reaction.166 The 

interaction between catalyst support and catalyst can be complex and lead to a plethora of 

different effects. An overview over the parameters influencing polyolefin production with a 

heterogenized catalyst is given in Figure 23. 
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Figure 23: General parameters influencing the synthesis of polyolefins with supported catalysts167 

 

For the work reported here, the most important of these effects of supporting a single-site 

catalyst on a suitable catalyst support is the replication or templating effect. This means the 

resulting particle size distribution and morphology of the catalyst support are often mirrored in 

the particle size distribution and morphology of the resulting polymer particles. This is due to 

the uniform growth of polymer at the active catalyst sites on and in a catalyst support particle.168 

With sufficient polymer growth in and outside of the catalyst support particles the resulting 

hydraulic forces break the support particle apart, yielding a polymer particle 20 to 30 times the 

size of the original catalyst support particle (Figure 24).169 For an efficient replication, the 

catalyst support particles need to be fragile enough to break apart during the polymerization 

but need to be strong enough to avoid breaking prior to the polymerization. A certain amount 

of porosity is also desirable to ensure catalyst and monomer diffusion into the catalyst support 

particle to yield uniform polymer growth.167 
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Figure 24: Multisite polymer growth typical for heterogeneous catalysts164 

 

Up to now, research has mainly been dedicated to preventing reactor fouling and to receive 

particles with no particular control over size and morphology. Most of the produced particles 

are too large for an efficient PBF process.170,171 

 

3.5 High energy mixing 

Mixing processes have the intention to distribute one compound in another compound. This 

can be achieved by numerous methods with varying complexity. One of the most challenging 

aspects in mixing is good distribution of nano-compounds in or on polymers. Nano sized 

compounds tend to form agglomerates, due to their high surface energies. Several high energy 

mixing devices have been developed to overcome these attractive forces and break such 

agglomerates. The most common route to achieve a good distribution of nano sized 

compounds is the application of an ultrasonic treatment in an appropriate solvent.172,173 This 

route has several disadvantages, such as the need of solvent removal and the risk of 

reagglomeration. A more economical way is the process of high energy dry blending as no 

drying step and no solvents are required. Employment of a Nara Hybridizer has led to the 

formation of evenly distributed and immobilized nano sized guest compounds on the surface 

of  host polymer particles. The Nara Hybridizer operates with a centered stator with vertical 

blades surrounded by a rotor also equipped with vertical blades. Mechanical energy is thus 

applied to the to be mixed compounds in the form of impact and shearing.174,175 Another high 

energy mixing process, yielding finely distributed nano sized guest particles on the surface of 

polymer particles, is the dual asymmetric centrifuge.176–178 In this process large centrifugal 

forces are applied to the to be mixed compounds, resulting in high shear rates and inter particle 

collisions. The basic principle is a mixing container rotating around its central axis while being 

fixed at an angle on a rotating platform (Figure 25). As this process operates bladeless and 

Active catalyst sites 

Catalyst particle 

 10-100 µm 

Catalyst fragment 

Polymer microparticle 

 0.1 – 0.3 µm 

Polymer particle 

1 – 3 mm 
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the mixing container is easy to clean/change, this process is the most efficient and was 

employed in this work. 

 

Figure 25: Basic principle of a dual asymmetric centrifuge 

 

3.6 Spray drying 

Spray drying is a process to form spherical particles from solution or dispersions. It operates 

under the basic principle of atomizing a solution or dispersion into a hot gas stream. The high 

surface area of the produced droplets, combined with the elevated temperatures of the gas, 

leads to a fast evaporation of the liquid in each droplet, leaving behind a spherical particle. 

 

 

Figure 26: Schematic diagram of a spray dryer179 

 

Various particle morphologies can be achieved depending on the process parameters 

(spraying rate, atomization, gas temperature, concentration, gas pressure/speed) and 

materials employed (Figure 27).180–182 
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Dense particles are achieved when the drying rate is as fast as the liquid inside each droplet 

can be transported to the outside layer. If the drying rate is faster a hard shell is formed leading 

to hollow particles. If the drying rate is to low the droplet can first form a mushroom- and then 

a torus-shape, which results in doughnut shaped particles. Raspberry shaped particles or 

particles with large pores can be formed with the employment of micelle forming surfactants. 

The focus in this work was to achieve dense spherical silica particles in the low µm range as 

catalyst support particles. 

 

 

Figure 27: Various particle morphologies prepared by spray drying182 
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4. Cumulative part of the dissertation 

 

4.1 Toward the Direct Synthesis of HDPE Powders for Powder Bed 

Fusion Based Additive Manufacturing 

Published in: Macromol. Mater. Eng. 2021, 306 (12), 2100477  

 

Digital object identifier (DOI): 10.1002/mame.202100477 

 

© 2021 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH 

GmbH 

 

Reproduced with permission of Wiley-VCH under the terms of the Creative Commons 

Attribution-NonCommercial-NoDerivs License. 

 

Impact factor: 4.367 

 

4.1.1 Synopsis and aim of this research 

Additive manufacturing (AM), also commonly known as 3D printing, has gained increasing 

attention in the economical, scientific and everyday world. It describes the process of building 

a desired part directly from a 3D computer aided design (CAD) model by a layer wise addition 

of material onto a substrate or on top of itself.183 This process operates without the traditionally 

needed formative or subtractive fabrication and has several advantages, such as freedom of 

design, mass customization, waste minimization and the possibilities to manufacture complex 

parts.184 Additive manufacturing will never supersede mass production of parts as the costs in 

traditional manufacturing decrease exponentially for every part produced (Figure 28). 

Nevertheless, it has its justification for the production of highly customized parts (e.g. implants) 

or small batches (e.g. production of spare parts on demand in the aerospace industry or rapid 

prototyping). 
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Figure 28: Cost of produced parts produced by additive manufacturing and traditional manufacturing 
plotted against complexity and number of produced units10,185,186 

 

Polymers are by far the most utilized class of materials for AM. Of the different available forms 

of AM with polymers powder bed fusion (PBF) stands out as it offers the possibilities to 

generate build parts with high mechanical strength and low anisotropy in the build parts.2 But 

the range of polymeric materials available for PBF is limited to mainly polyamides. This limits 

the built part properties as well. 

Ultra high molecular weight polyethylene (UHMWPE) is a material with an attractive property 

profile for many applications but the high melt viscosity limits the processability in any 

procedure. It was tested as candidate for PBF but up to now UHMWPE parts prepared by 

powder bed fusion do not compare positive to traditional manufactured ones.150,152,187,188 The 

parts often show less mechanical stability as well as dimensional accuracy, e.g. warpage and 

curling. The aim of this work was the establishment of polymerization techniques leading to 

advanced HDPE/UHMWPE/dUHMWPE composite powders useful for the preparation of 

polyethylene based parts manufactured by PBF. 

 

The starting point of this research was to identify a suitable catalyst carrier based on spray 

dried silica as tailor made catalyst templates for the formation of polymer powders suitable for 

PBF. In this strategy the first step consisted of the formation of silica micro particles out of 

dispersed silica by spray drying. The resulting micro templates were subsequently 

impregnated with a BIP iron (II) catalyst and the polymerization of HDPE started. 
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Figure 29: Strategy for the formation of polyethylene powders 

 

The goal was to obtain information over activation of the catalyst templates and the subsequent 

polymerization behavior in regard to the needed PBF-Powder properties (Particle size, 

morphology and distribution, powder flowability, laser absorption, sinter window (see 3.1.1)) 

The resulting HDPE powders were tested in a miniaturized PBF setup and the sintering/melting 

process and adjustment of the process parameters and powder properties was investigated. 

 

The results of these investigations were published in the following publication. 

 



40 

4.1.2 Manuscript 



41 

 



42 

 



43 

 



44 

 



45 

 



46 

 



47 

 



48 

 



49 

 



50 

 



51 

 



52 

4.2 Disentangled UHMWPE@silica powders for potential use in power 

bed fusion based additive manufacturing 

Published in: Eur. Polym. J. 2022, 163 (August 2021), 110936. 

 

Digital object identifier (DOI): 10.1016/j.eurpolymj.2021.110936 

 

© 2021 Elsevier Ltd. All rights reserved. 

 

Reproduced with permission of Elsevier under the Elsevier sharing policy 

 

Impact factor 4.598 

 

4.2.1 Synopsis and aim of this research 

The effect of the initially lower viscosity and the melting explosion make disentangled 

UHMWPE a perfect candidate for a PBF-polymer ideally leading to the desired mechanical 

and chemical properties of traditionally shaped UHMWPE parts. The faster entanglement rate 

should also lead to a much more homogenous entangled melt, which in turn can crystalize 

more homogenously, resulting in less to no warpage. The previous chapter showed the 

feasability to synthesize HDPE polymer powders suitable for the PBF process by the catalyst 

templating polymerization. The next step was to translate these results to the synthesis of 

disentangled UHMWPE powders. A possible success in processing these new disentangled 

UHMWPE composites by PBF could lead to products having the outstanding physical 

properties of UHWMPE combined with the design freedom of powder bed fusion. 

 

The first step consisted of the search for a suitable catalyst capable of generating dUHMWPE. 

The choice fell on the BROOKHART-GIBSON class of catalysts because of the ease of operation 

and the ubiquity of the iron center together with the ease of modification of the backbone of 

the BIP ligand. The next step involved the characterization and identification of the non-

templated dUHMWPE. by its characteristic rheologic, mechanical and thermal behavior. 

Unfortunately, the activation method of the catalyst template used in the previous chapter could 

not be translated directly to the newly developed catalyst system. A new activation pathway 

needed to be found. The resulting polymer particles were checked for PBF suitability. 

 

The results of these investigations were published in the following publication. 
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4.3 HDPE@UHMWPE Powders for Power Bed Fusion Based Additive 

Manufacturing 

Published in Macromol. Mater. Eng. 2022, 2100964.  

 

Digital object identifier (DOI): 10.1002/mame.202100964 
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Impact factor: 4.367 

 

4.3.1 Synopsis and aim of this research 

The strategy of this research consisted of the usage of commercial UHMWPE powders as 

convenient template for the production of polymer-on-polymer core shell particles with the 

intention of the shell acting as adhesive in the PBF process (Figure 30). This approach could 

potentially be used as a drop-in technology to widen the application profile of commercially 

available UHMWPE powders towards the PBF process. 

The lower melt viscosity of HDPE could possibly enhance the formation of entanglement in the 

sintering process between the shell and the core as well as with neighboring particles. This 

would subsequently lead to a much higher adhesion between the particles and a mechanically 

sounder build part. Ideally, only a thin layer of HDPE needs to be synthesized on top of the 

UHMWPE particle to generate these effects. 

 

 

Figure 30: Strategy for the formation of polymer-on-UHMWPE core shell particles 
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The first step of this strategy was to coat commercial UHMWPE particles with nano-sized silica 

particles in a high energy mixing process. The next step was the catalyst impregnation with a 

BIP iron (II) catalyst and the subsequent HDPE shell formation by polymerization. The results 

from 4.1 in terms of the activation strategy were successfully employed. 

 

The results of these investigations were published in the following publication. 
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5. Conclusion 

The Investigations on the polymerizations of HDPE on spray dried silica revealed that particle 

growth is fast in earlier stages of the reaction and subsequent polymerization led to a 

densification of the polymer particle. To keep the silica content as low as possible and the yield 

as high as possible the optimal reaction should be executed at 3 bars of ethylene and a 

concentration of 8 mmol/L of precatalysts according to this screening of reaction parameters. 

The resulting particle size distribution of almost all reactions showed that the upper edge of 

the particle size distribution was bordering on the 200 µm mark previously set as maximal 

particle size for efficient PBF operation. To prevent creating even larger particles, lower 

temperatures (0-20 °C) and lower reaction times of one hour must be employed. 

As these reaction conditions might only represent a local optimum, further research and 

parametrization needs to be directed towards increasing the powder density as well as 

smoothing the particle surfaces for better PBF suitability. Implementation of BIP-catalysts or 

catalyst mixtures (reactor blend technology) which are producing shorter chains might be of 

benefit. They might fill the “gaps” of the HDPE rough surfaces. To increase the direct suitability 

of the powder for PBF even more, laser absorbing species (carbon black, carbon nanotubes, 

molecular dyes) might be added to the catalyst supports. This research pointed out that the 

best results to prevent agglomeration can be achieved by “precipitating” the solvent swollen 

polymer particles after the reaction by exchanging the reaction solvent toluene with ethanol. 

Further research towards different solvents could be directed to find a suitable synthesis route. 

Ideally, overcritical carbon dioxide could be employed, mitigating the problem of surface 

tension agglomerating the particles. 

 

The discovery of the ability of the newly developed BIP iron (II) catalyst to produce dUHMWPE 

led to the employment of this catalyst in the endeavor to generate PBF suitable powder based 

on dUHMWPE. This research showed the feasibility to use this catalyst together with the 

catalyst template effect to synthesize spherical particles in a useful size region for PBF. Full 

PBF suitability could not be reached due to the rough surface and resulting insufficient powder 

flowability of the powder. Nonetheless, first results in PBF experiments showed a melting and 

consolidation of the laser irradiated polymer i.e. a low viscous melt could be reached. These 

results are a promising starting point to generate true UHMWPE based parts by PBF. Future 

research should be aimed at smoothing the surface of the resulting powders and increasing 

the powder as well as the particle density and the laser absorptivity to increase the PBF 

suitability. 

 

The research targeted at yielding HDPE@UHMWPE core-shell particles revealed that 4 wt% 

of silica added to the UHMWPE particles led to the optimal surface covering. Adding more 



79 

silica led to the formation of microparticles containing only silica as the surface of the UHMWPE 

particles could not absorb any more silica. Using less silica than 4 wt% led to an uneven 

coating of silica on the surface of the UHMWPE and subsequently to an uneven polymer shell 

formation. The resulting HDPE shells were mechanically intertwined with the UHMWPE cores. 

No delamination or breaking of the shell could be observed after cryo-milling or treatment with 

ultrasound. Reaction times longer than 15 minutes led to the formation of uneven shells and 

larger particles. The resulting mechanical properties of the bulk material corresponded to the 

properties of highly filled HDPE composites when processed by injection molding or press 

molding. Processing by PBF led to massive parts with SEM based evidence of 

mixing/entanglement between the HDPE shell and the UHMWPE core. This technology can 

serve as a crucial step towards the implementation of UHMWPE in PBF processes as it has 

several advantages: The bulk of the polymer powder can be synthesized by industrial scale 

processes while the shell can be fine-tuned by the application of different fillers and catalysts 

producing tailor-made polyethylenes. The employment of the core shell approach solves some 

of the problems encountered in the previous research: Using commercial UHMWPE particles 

as cores leads to higher powder densities needed for efficient PBF processing. The remaining 

challenges of increasing the powder smoothness, the powder flowability as well as the laser 

absorption remain the same. A unique challenge for this technique is the relatively high silica 

content in the final composite powder. A reduction in silica needed for a good surface covering 

of the UHMWPE cores and subsequent even surface covering of the resulting HDPE shell 

might even increase the mechanical properties of the built parts. 

 

The PBF building showed that a fcc-value of 3 seemed to be sufficient to enable smooth 

recoater operation. Higher values guaranteed even smoother operation and should always be 

the target for future PBF powders based on these approaches. Building jobs with powders with 

a low bulk density gave porous and curled parts. Massive parts could be achieved with 

powders exhibiting bulk densities of 450 kg/m3 or higher The morphology of the polymer 

powder should be as round and smooth as possible to be able to flow well and to generate 

dense packings resulting in high bulk densities. Caking could be reduced, but not eliminated, 

by the employment of a laser absorbing additive. Increasing the laser absorption of the powder 

led to the increased phenomenon of lacking inter layer adhesion. 
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7. Appendix 

7.1 List of hazardous substances according to GHS 

GHS01 - Explosive 

 

GHS02 - Flammable 

 

GHS03 - Oxidising 

 

GHS04 - Compressed Gas 

 

GHS05 - Corrosive 

 

GHS06 - Toxic 

 

GHS07 - Harmful 

 

GHS08 - Health Hazard 

 

GHS09 - Environmental Hazard 
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Table 2: Hazard statements for the chemicals used in this work189 

Substance GHS-Pictogram 
number 

H-Statement P-Statement 

Toluene 
 

GHS08, GHS09, 
GHS02 

225, 361d, 304, 
373, 315, 336 

 

210, 240, 
301+310+330, 

302+352, 
308+313, 314, 

403+233 
Ethylene GHS04, GHS02, 

GHS07 
220, 280, 336 210, 260, 

304+340, 315, 
377, 371, 405, 

403 

Pressurized dry air GHS04 - - 

Triethylaluminum GHS02, GHS05 250, 260, 314 210, 231+232, 
280, 302+334, 
303+361+353, 
304+340+310, 
305+351+338, 
370+378, 422 

Methylaluminoxane GHS02, GHS05 250, 260, 314 210, 231+232, 
280, 302+334, 
303+361+353, 
304+340+310, 
305+351+338, 
370+378, 422 

2,6-bis[1-(2,6-diethylphenyl-
imino)ethyl]pyridineiron(II)-

dichloride 

- - - 

Methanol GHS06, GHS02, 
GHS08 

225, 331, 311, 
301, 370 

210, 233, 280, 
302+352, 
304+340, 
308+310, 
403+235 

Hydrochloric acid GHS05, GHS07 314, 335, 290 234, 260, 
305+351+338, 
303+361+353, 

304+340, 
309+311, 501 

2,6-Diacetylpyridine GHS07 315, 319, 335 261, 
305+351+338 

2,6-Diethylaniline GHS07 302 - 
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Substance GHS-Pictogram 
number 

H-Statement P-Statement 

Diethyl ether GHS07, GHS02 224, 302, 336 210, 240, 
403+235 

Para-Toluene sulfonic acid GHS07 315, 319, 335 302+352, 
304+340, 

305+351+338 

1-Butanol GHS05, GHS02, 
GHS07 

226, 302, 318, 
315, 35, 336 

210, 280, 
302+352, 
304+340, 

305+351+338, 
313 

Polyethylene 
(LLDPE,HDPE) 

- - - 

Allyl bromide GHS02,GHS05, 
GHS06, GHS08, 

GHS09 

225, 301, 314, 
340, 350, 400 

201, 210, 273, 
280, 301+310, 
305+351+338 

Aniline GHS05, GHS06, 
GHS08, GHS09 

301+311+331, 
317, 318, 341, 
351, 372, 410 

201, 261, 273, 
280, 

301+310+330 

Boron trifluoride diethyl 
etherate 

GHS02, GHS06, 
GHS08, GHS09 

226, 302, 314, 
330, 372 

260, 280, 284, 
305+351+338 

Chloroform-d GHS06, GHS08 302, 315, 319, 
351, 373 

281, 
305+351+338 

Ethanol GHS02 225 210 

Iron(II)chloride GHS05, GHS07 302, 314 280, 
305+351+338, 

310 

Xylene GHS02, GHS07, 
GHS08 

226, 304, 
312+332, 315, 
319, 335, 373, 

412 

210, 261, 273, 
301+310, 

302+352, 312, 
331 
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Table 3: CMR substances used in this work.189 

Substance Treatment and quantity Category 

Toluene ~800 L Toxic for reproduction 
category 2 

Ethylene ~   

Ally bromide 48 mL Toxic for reproduction 
category 1B 

 
Carcinogenic 
category 1B 

 
Aniline 10 mL Toxic for reproduction 

category 2 
 

Carcinogenic 
category 2 

 
Chloroform-d 100 mL Toxic for reproduction 

category 2 
 

Carcinogenic 
category 2 
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7.2 Supporting Information for: Towards the direct Synthesis of HDPE 

powders for Powder Bed Fusion based Additive Manufacturing 



92 

 



93 

 



94 

 



95 

 



96 

7.3 Supporting Information for: Disentangled UHMWPE@silica powders 

for potential use in Powder Bed Fusion based Additive 

Manufacturing 

 
Disentangled UHMWPE@silica powders 
for potential use in Powder Bed Fusion 
based Additive Manufacturing  
 

Yannick L. Wencke1, Gerrit A. Luinstra1,*, Rob Duchateau2, Friedrich Proes3, Philipp 

Imgrund3, Jonathan S. Evansen3, Claus Emmelmann3 
 

 

Figure S1. Samples of disentangled UHMWPE produced with homogenous catalyst action pressed 

below and over the melting point and subsequently stretched using the “hot shoe technique”. 

 

Pressed at 125 °C 

Pressed at 180 °C 
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Figure S2. SEM micrographs of cryo-fractured and stretched synthesized UHMWPE samples 

(from homogeneous catalysis). Left: Disentangled sample pressed below the melting point 

(125 °C). Right: Entangled sample after pressing at 180 °C (i.e. beyond the melting point) 

 

 

Figure S3. Preliminary testing in SLS of manually sieved layer of non-templated dUHMWPE. 
Left: sintering of one layer dUMWPE on black paper; Right: laser sintered part from 
disentangled UHMWPE 
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Figure S4. Tensile diagram of UHMWPE and dUHMWPE@silica 
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Figure S5. SEM micrographs of a cryo-fractured press sintered UHMWPE GUR4150-3 sample 

 

Table S1. Melting temperature and crystallinity values for the synthesized polymer as well as 
commercial samples.  

Sample 

 

 

1st melting 

temperature 

[°C] 

2nd melting 

temperature 

[°C] 

Crystallinity 

 

[%] 

dUHMWPE 139.96 137.49 73 

GUR 4012 139.63 135.73 59 

GUR 4150-3 141.14 130.93 57 

Theoretical maximum value of enthalpy for PE used: 293 J/g-1  (B. Wunderlich, Thermal Analysis, Academic Press, 

New York, 1990)  

 

Table S2. Process parameters for preliminary PBF tests 

 

Table S3. Thermal properties of dUHMWPE@silica and GUR 4150-3  

Material 
Tmelting onset 

[°C] 

Tcrystallization onset 

[°C] 

Sinter window 

[°C] 

GUR4150-3 130.5 115.7 14.8 

dUHMWPE  129.8 119.3 10.5 

 

 

 

 

Outline Hatch Temperatures 

Scan speed: 2600 mm.s-1 Scan speed: 3000 mm.s-1 Preheating: 120 min 

Processing temperature: 122 °C 

Laser power: 36.6 W Laser power: 36 W Build chamber temperature: 100 °C 
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Synthesis of N,N-diallyl aniline 

 

 

In an inert nitrogen atmosphere, aniline (9.10 mL, 99.7 mmol), allyl bromide (19.9 mL, 

230 mmol, 2.3 equiv.) and sodium carbonate (20.5 g, 199,4 mmol, 2 equiv.) were mixed in 

320 mL ethanol and 80 mL of deionized water. The mixture was heated under reflux for 16 h. 

The mixture turned orange. After cooling to room temperature, the mixture was extracted with 

4 x 150 mL diethyl ether. The organic phases were united and dried over magnesium sulfate, 

filtered and the solvent removed in vacuo. The residual crude product was purified by vacuum 

distillation. Boiling point of 77 °C at 2.7 mbar 

Yield: 13.9 g, 80.0 mmol, 80%. 

 
1H NMR (400 MHz, CDCl3): δ [ppm] = 7.23 – 7.18 (m, 2H, H-3), 6.74 – 6.68 (m, 3H, H-2,4), 
5.87 (ddt, J = 17.1, 10.0, 4.9 Hz, 2H, H-6), 5.22 – 5.14 (m, 4H, H-7), 3.94 – 3.91 (m, 4H, 
H-5). 
 
13C NMR (151 MHz, CDCl3): δ [ppm] = 138.33 (C-1) 130.3 (C-3), 130.3 (C2), 126.5 (C-6), 125.9 

(C-4), 122.9 (C-7), 60.0 (C-5). 
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Synthesis of 2,6-diallyl aniline  

 

 

N,N-diallylamine (1.99 g, 11.5 mmol) were solved in 15 mL xylene and 10 min degassed with 

nitrogen. Subsequently, BF3 etherate solution (5.50 mL, 6 M in diethyl ether, 33.0 mmol, 

2.9 equiv.) was added with a syringe and the mixture was heated by means of a microwave to 

200 °C for 45 min. After cooling to room temperature the brown reaction mixture was added to 

150 mL of a saturated sodium bicarbonate solution and mixed for 5 minutes. The reaction 

mixture was extracted with 3 x 150 mL dichloromethane. The organic fractions were combined, 

dried over magnesium sulfate, filtered and dried in vacuo. The resulting crude product was 

purified by distillation. Boiling point: 71 °C at 0.95 mbar. 

Yield: 1.41 g, 8.14 mmol, 71%. 

 

1H NMR (600 MHz, CDCl3): δ [ppm] = 7.98 (d, J = 7.5 Hz, 1H, H-3), 6.73 (t, J = 7.5 Hz, 1H, H-

4), 5.96 (ddt, J = 16.4, 10.1, 6.2 Hz, 2H, H-6), 5.13 (dq, J = 10.1, 1.6 Hz, 2H, H-7cis), 5.11 

(dq,J = 17.1, 1.6 Hz, 2H, H-7trans), 3.35 (m, 4H, H-5).  

 

13C NMR (151 MHz, CDCl3): δ [ppm] = 143.4 (C-1), 136.2 (C-6), 128.7 (C-3), 124.17 (C-2), 

118.5 (C-4), 116.3 (C-7), 36.5 (C-5). 
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7.4 Suporting Information for: HDPE@UHMWPE Powders for Power 

Fusion Based Additive Manufacturing 
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